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Germane to the present discussion, recent studies suggest that TLR signaling may play an important homeostatic role by delimiting tissue injury following ischemia-reperfusion (I/R) injury. For example, Izuishi et al. (21) showed that pretreatment with HMGB1 (a TLR4 ligand) conferred cytoprotection in liver I/R injury in wild-type but not in TLR4 mutant mice (21) . Furthermore, treatment with a TLR2-specific ligand decreased brain infarct size in mice that were subjected to focal cerebral I/R injury (20) . Viewed together, these observations suggested the interesting possibility that TLR2 and/or TLR4 signaling might also play an important homeostatic role in the heart by upregulating cytoprotective signaling in response to ischemic injury. Accordingly, to begin to test this hypothesis, we subjected the hearts of mice that were deficient in TLR2, TLR4, and TIR domain-containing adapter protein (TIRAP), an adaptor molecule necessary and specific for TLR2 and TLR4 signaling (18, 19) , to ischemic preconditioning followed by I/R injury. Here we show for the first time that ischemic preconditioning confers cytoprotection in the heart through TLR2-TIRAP-dependent signaling.
METHODS
Mice. The mutant mice deficient in TIRAP (TIRAP-D; 129SV ϫ C57BL/6), TLR2 (TLR2D; 129SV ϫ C57BL/6), TLR4 (TLR4D; C57BL/6), and IL-1 receptor-associated kinase-1 (IRAK1) (IRAK1D; C57BL/6) were generated by gene targeting, as described previously (7, 18, 22, 37) . The TIRAP-D mice were a gift from Dr. Ruslan Medzhitov (Yale University, New Haven, CT), whereas the TLR2D and TLR4D mice were a gift from Shizuo Akira (Osaka University, Osaka, Japan) (37) . For the purpose of these studies, we established colonies of TIRAP-D, TLR2D, TLR4D, IRAK1D mice, as well as respective colonies of wild-type control mice that were bred on identical genetic backgrounds. Male mice (10 -12 wk of age) used in this study were maintained in specific pathogen-free conditions and were fed pellet food and water ad libitum. All studies were performed with the approval of the Institutional Animal Care and Use Committee at Baylor College of Medicine. These investigations conform to the Guide for the Care and Use of Laboratory Animals, published by the National Institutes of Health.
Isolated heart perfusion studies. Hearts from wild-type, TIRAP-D, TLR2D, TLR4D, and IRAK-1D mice were isolated and perfused in the Langendorff mode as previously described (34) . Isolated hearts were perfused at a constant pressure of 80 mmHg with modified Krebs-Henseleit buffer containing (in mmol) 118 NaCl, 24 NaHCO 3, 4.7 KCl, 1.2 KH2PO4, 1.2 MgSO4, 2.2 CaCl2, 10 glucose, and 2 pyruvate (pH 7.4; 37°C), equilibrated with 95% O2-5% CO2 to yield a pH of 7.4. The perfusate was gassed with 95% O 2-5% CO2. A handmade balloon connected to a polyethylene tube was inserted into the left ventricle through the mitral valve via an incision in the left atrium and was connected to a pressure transducer (ML844, AD Instruments, Colorado Springs, CO). The balloon was inflated with water to adjust left ventricular (LV) end-diastolic pressure (LVEDP) at 7-10 mmHg.
I/R and ischemic preconditioning protocols. Figure 1 summarizes the I/R and the ischemic preconditioning protocols used for these studies. After a 30-min stabilization period, hearts from wild-type, TIRAP-D, TLR2D, TLR4D, and IRAK1D mice and their respective wild-type controls were subjected to 30 min of zero-flow ischemia (t ϭ Ϫ30 min) followed by reperfusion (t ϭ 0) for 30 to 60 min (Fig. 1) . All hearts were paced at 420 beats/min with pacing electrodes placed on the right atrium. Pacing was interrupted during ischemia and resumed 3 min after the start of reperfusion. Functional data were recorded at 1 KHz on a data acquisition system (PowerLab, AD Instruments). LV developed pressure was calculated as the difference between peak-systolic pressure and LVEDP, and the resulting LV functional recovery data were expressed as the percentage of baseline LVEDP. For ischemic preconditioning, the hearts from the TIRAP-D, TLR2D, TLR4D, and IRAK1D mice and their respective wild-type control mice were subjected to three episodes of 2 min of global ischemia and 5 min of reperfusion, followed by 30 min of zero-flow ischemia (t ϭ Ϫ30 min) and reperfusion (t ϭ 0) for 30 to 60 min ( Fig. 1) . Hemodynamic parameters were recorded as described above. At the end of each experiment, hearts were frozen in liquid nitrogen for later use.
Creatine kinase assay. Coronary effluent was collected during the first 30 min after ischemia. Creatine kinase (CK) activity was measured with a commercially available CK assay kit (Diagnostic Chemical, Charlottetown, PE, Canada) according to the manufacturer's recommendations. CK activity was normalized for frozen-dry heart weight. Data are expressed as units per gram of cardiac tissue.
Evans blue staining. Because triphenyltetrazolium chloride staining may underestimate the true extent of tissue injury within the first 3 h of cardiac injury (4), we used Evans blue dye uptake to assess the degree of myocardial tissue injury following I/R injury. Evans blue is a cell-impermeable diazo dye that has been used to study the integrity/ permeability of blood vessels and cell membranes that become injured. In muscle cells with permeable membranes, Evans blue dye crosses into the cell and accumulates in myofibrils, where it emits red autofluorescence when examined using fluorescence microscopy (16) . At the end of the reperfusion protocol (i.e., 60 min of reperfusion), the hearts were perfused (1 ml/min) first with 3 ml of ice-cold 0.1% diluted in 1 ϫ PBS, followed by perfusion with 10 ml of ice-cold 1 ϫ PBS, which was used to clear Evans blue dye from the interstitium. The hearts were then subsequently perfused with 10 ml of Z-fix fixative (1 ml/min), paraffin-embedded, and sectioned (0.5 m). To quantify the extent of Evans blue dye uptake, 10 predetermined radially arranged transmural LV sections were chosen for evaluation in each heart. Each transmural slice through the LV wall was further divided into thirds to allow for an analysis of the endocardium, the midwall. Fluorescence microscopy (ϫ200) was performed using a filter set with an excitation of 510 -560 nm and an emission of 590 nm to assess the amount of Evans blue dye uptake in the myocardium following I/R injury with or without ischemic preconditioning. Hearts were examined at the level of the papillary muscle, using a total of 10 microscopic fields per heart. Data are expressed as the percent area of the myocardium with red fluorescence.
Pam3CSK4 treatment. Isolated hearts from wild-type and TLR2D mice were treated with the TLR2-specific agonist Pam3CSK4 (5 g/ml; Invivogen, San Diego, CA) for 5 min. The hearts were then subjected to the I/R protocol (Fig. 1) . Wild-type and TLR2D hearts were perfused for 5 min with Pam3CSK4 (0.5 g/ml), and cytosolic and membrane proteins were isolated as described in Isolation of cytoplasmic and membrane proteins. These samples were examined for protein kinase C-ε (PKCε) translocation as described in Immunoprecipitation and Western blot analysis.
Isolation of cytoplasmic and membrane proteins. LV tissue was homogenized in isotonic sucrose buffer A containing (in mM) 20.0 Tris · HCl, 250.0 sucrose, 1 Na 3VO4, 2.0 MgCl2, 2.0 EDTA, 0.5 EGTA, 2.0 PMSF, and 1.0 DTT and 0.02% (vol/vol) protease inhibitor cocktail (pH 7.4). The homogenates were centrifuged at 100,000 g for 60 min at 4°C to separate the particulate fraction from the cytosolic fraction. The resulting supernatant was labeled as the cytosolic fraction, whereas the pellet was resuspended with 0.1% Triton X-100 in buffer A and incubated on ice for 30 min. The resuspended pellet was then centrifuged at 100,000 g for 60 min at 4°C, and this supernatant was labeled as the particulate fraction. The protein concentration was determined using the bicinchoninic assay with bovine serum albumin as a standard (Pierce, Life Science; Rockford, IL). All samples were frozen in aliquots and stored at Ϫ80°C.
Immunoprecipitation and Western blot analysis. Extracts with equal amount of proteins were used for immunoprecipitation studies. A total of 1 mg of whole cell extract was incubated overnight at 4°C on a rotator with 2 g of anti-TLR2 (Santa Cruz) or anti-TLR4 antibody (Santa Cruz). Protein G agarose beads (50 l) were then added to each sample, followed by incubation for an additional 2 h at 4°C. The samples were spun briefly in a microcentrifuge and washed for four times in lysis buffer. Samples were subsequently solubilized by SDS sample buffer containing 80 mM Tris · HCl (pH 6.8), 2% SDS, 50% glycerol, 0.05% bromphenol blue, and 0.2 M DTT, separated by SDS-PAGE, transferred to polyvinylidene difluoride membrane (Bio-Rad Laboratories), probed with an anti-PKCε antibody (BD Biosciences), and detected by enhanced chemiluminescence reagent.
Whole cell lysates were prepared using heart from wild-type and TIRAP-D mice subject to I/R or ischemic preconditioning ϩ I/R. The protein concentration was determined using the bicinchoninic assay with bovine serum albumin as a standard (Pierce, Life Science). Protein was separated on percent SDS-polyacrylamide gel under denaturing conditions and was transferred onto a polyvinylidene difluoride membrane (Bio-Rad). The membrane was immunoblotted with rabbit anti-phosphorylated Akt (1:000; Cell Signaling, Beverly, MA) or anti-pGSK-␤ antibody (1:1,000; Cell Signaling). The secondary antibody was horseradish peroxidase-conjugated goat anti-rabbit polyclonal antibody (1:1,000; Cell Signaling). The levels of phosphorylated Akt and phosphorylated GSK3-␤ were normalized to the levels of total Akt (1:1,000; Cell Signaling) and GSK3-␤ (1:1,000; Cell Signaling), respectively.
Statistical analysis. All data are expressed as means Ϯ SE. Twoway analysis (ANOVA) was used to determine differences between groups of mice following I/R injury. A post hoc test of least significant differences (Fisher protected least significant difference test) was used to determine differences at specific time points. A Student's paired t-test was used to determine differences in Evans blue uptake, CK release, PKCε translocation, AKT phosphorylation, and GSK3-␤ phosphorylation. A value of P Յ 0.05 was considered statistically significant.
RESULTS

TIRAP deficiency abolishes the cardioprotective effects of ischemic preconditioning.
To determine whether TIRAP was necessary to mediate preconditioning, we subjected wild-type and TIRAP-D hearts to preconditioning (Fig. 1) followed by I/R injury. The salient finding shown by Fig. 2A is that the cardioprotective effects of preconditioning were abolished in the TIRAP-D mice. As shown in Fig. 2A , the recovery of LV function (60 min) was significantly greater (P Ͼ 0.05) in the wild-type mice that underwent preconditioning compared with the wild-type mice that were subjected to I/R injury alone (54.4 Ϯ 2.7% vs. 26.2 Ϯ 1.3% of baseline). In contrast, the recovery of LV function was not significantly different (P Ͼ 0.05) in the TIRAP-D mice that underwent preconditioning compared with the TIRAP-D mice that were subjected to I/R injury alone (43.8 Ϯ 1.9% vs. 41.8 Ϯ 1.5% of baseline, respectively). Moreover, when we compared the degree of functional recovery in the wild-type and TIRAP-D mice that underwent preconditioning (Fig. 2, A and B) , the degree of functional recovery was significantly greater (P Ͻ 0.05) in the wild-type mice than in the TIRAP-D mice (54.4 Ϯ 2.7% vs. 43.8 Ϯ 1.9% of baseline). Consistent with the LV functional recovery data shown in Fig. 2A , preconditioning resulted in a significant decrease (P Ͻ 0.05) in Evans blue dye uptake, as well as a significant decrease in CK release in the wild-type mice. In contrast, preconditioning had no effect (P ϭ 0.42) on Evans blue dye uptake or CK release (P ϭ 0.4) in the TIRAP-D mice compared with wild-type control mice. Importantly, the degree of Evans blue dye uptake and CK release following preconditioning was significantly greater (P Ͻ 0.05) in the TIRAP-D mice compared with the wild-type mice.
Interestingly, the degree recovery of functional LV function following I/R injury was 1.6-fold greater (P Ͻ 0.05) in the TIRAP-D mice (Fig. 2B ) compared with the wild-type mice ( Fig. 2A) . Similarly, the extent Evans blue dye uptake (Fig. 2D ) and CK release (Fig. 2E ) were significantly greater (P Ͻ 0.05) in the wild-type mice with intact TIRAP signaling compared with mice lacking TIRAP signaling. Taken together, these data suggest that TIRAP signaling plays both beneficial and deleterious roles in the heart following I/R injury, the former by upregulating cardioprotective pathways following repetitive bouts of ischemic injury (i.e., preconditioning) and the latter by amplifying cell injury following an abrupt onset of ischemic injury.
The cardioprotective effects of ischemic preconditioning are mediated via TLR2. Given the specificity of TIRAP for TLR2 and TLR4 signaling, we next performed studies to determine the contribution of TLR2 and TLR4 to ischemic preconditioning. Ischemic preconditioning in wild-type hearts resulted in a significant (P Ͻ 0.05) recovery of LV function 60 min following I/R injury (Fig. 3, A and B) compared with that in wild-type hearts subjected to I/R injury alone. However, the major finding shown by Fig. 3 is that the cardioprotective effect of ischemic preconditioning was abolished in the TLR2D mice (Fig. 3B) , whereas the cardioprotective effect of ischemic preconditioning was intact in the TLR4D mice (Fig. 3D) . Figure 4B shows that that recovery of LV function (60 min) following I/R injury was not significantly different (P Ͼ 0.05) in the TLR2D hearts subjected to ischemic preconditioning compared with hearts that were subjected to I/R injury alone (39.3 Ϯ 1.5% vs. 35.5 Ϯ 1.3%, respectively). In contrast, Fig.  3D shows that recovery of LV function (60 min) following I/R injury was significantly greater (P Ͻ 0.05) in the TLR4D hearts subjected to ischemic preconditioning, compared with TLR4D hearts subjected to I/R injury alone (52.7 Ϯ 3% vs. 35.3 Ϯ 1.7%, respectively). Taken together, these data suggest that the protective effect of ischemic preconditioning is mediated primarily through a TLR2-TIRAP-dependent pathway.
In agreement with a previous report from this laboratory, TLR2D mice were protected from myocardial I/R injury when compared with wild-type mice that were subjected to I/R injury alone (34) ; that is, the recovery of postischemic contractile performance was significantly greater (P Ͻ 0.05) in the hearts of TLR2D mice subjected to I/R injury (Fig. 3, A and B) compared with wild-type mice with intact TLR2 signaling (35.5 Ϯ 1.3%. vs. 27.2 Ϯ 2.2% of baseline, respectively). Interestingly, when the degree of functional LV recovery was compared in hearts from wild-type TLR4D and TLR4 wildtype mice that were subjected to I/R injury alone ( Fig. 3C  compared with Fig. 3D) , there was no significant difference (P Ͼ 0.05) in the recovery of postischemic contractile performance at 60 min (35.3 Ϯ 1.7% vs. 31.8 Ϯ 1.8% of baseline, respectively).
TIRAP-dependent ischemic preconditioning involves translocation of PKC. Recent studies have shown that several PKC isoforms are essential components of the TLR signaling pathway (2, 23) . PKCε is known to play an important role in ischemic preconditioning, insofar as selective PKCε antagonists inhibit the cardioprotective effects induced by ischemic preconditioning (13, 29) . To determine whether the cardioprotective effects conferred by TIRAP were mediated, at least in part, through PKCε, we measured the translocation of PKCε in hearts of wild-type and TIRAP-D mice following ischemic preconditioning, as well as ischemic preconditioning followed by I/R injury. In preliminary control experiments (see supplemental data supplement Fig. S1 ; note: supplemental material may be found posted with the online version of this article), we observed that there was no significant PKCε translocation in wild-type and TIRAP-D hearts at baseline in the absence of ischemic preconditioning and/or I/R injury.
Representative Western blot data are depicted in Fig. 4A , whereas group data are summarized in Fig. 4B . As shown, the translocation of PKCε was significantly (P Ͻ 0.05) greater in the wild-type hearts than in the TIRAP-D hearts following ischemic preconditioning. Similar findings were observed with respect to the translocation of PKCε following ischemic preconditioning followed by I/R injury. The differences in PKCε translocation in the wild-type and TIRAP-D mice were not secondary to inherent differences in PKCε translocation in TIRAP-D mouse hearts, insofar as the administration of the pan-PKC agonist PMA (200 nM) induced similar PKCε translocation in the hearts of wild-type and TIRAP-D mice.
Insofar as the ischemic preconditioning studies suggested that PKCε-mediated translocation was decreased in the hearts of TIRAP-D mice, we next asked whether there was an association between PKCε and TLR2 and TLR4. As shown in Fig. 4D , PKCε was detected primarily in the Western blots from protein extracts that were immunoprecipitated with an anti-TLR2 antibody. Although PKCε was also detected in the Western blots of extracts that were immunoprecipitated with an anti-TLR4 antibody, the amount of PKCε detected was comparatively less. Taken together, these data suggest that the protective cardioprotective effects of ischemic preconditioning are primarily mediated through a TLR2-TIRAP-PKCε-dependent pathway.
Treatment with Pam3CSK4 mimics ischemic preconditioning.
Since the studies above suggested that TLR2 was necessary for ischemic preconditioning, we sought to determine whether a TLR2 agonist, Pam3CSK4, would mimic the effects of ischemic preconditioning in terms of recovery of LV function following I/R injury. In preliminary control experiments (see supplemental data Fig. S1 ), we observed that there was no significant PKCε translocation in wild-type and TLR2-D hearts at baseline in the absence of Pam3CSK4 treatment. As shown in Fig. 5A , pretreatment with Pam3CSK4 (5 min) resulted in a significant increase (P Ͻ 0.05) in the recovery of postischemic contractile performance in the hearts of wild-type mice compared with hearts subjected to I/R injury alone (44.7 Ϯ 2.6% vs. 28.3 Ϯ 1.5%, respectively). The degree of LV recovery following ischemic preconditioning was significantly greater (P Ͻ 0.006) than that achieved with pretreatment with Pam3CSK4 (Fig. 5A ) alone. Pretreatment with Pam3CSK4 pretreatment did not result in a significant increase in the recovery of postischemic LV recovery (P ϭ 0.38) in the hearts of TLR2D mice compared with vehicle-treated hearts TLR2D mice (34.2 Ϯ 2% vs. 35.5 Ϯ 1.2%, respectively; Fig. 5B ). Given that the immunoprecipitation studies suggested that PKCε translocation was TIRAP dependent (Fig. 3, A and B) , we also examined the translocation of PKCε in the hearts of wild-type and TLR2D mice after treatment with Pam3CSK4. As shown by the representative Western blot in Fig. 5C and the group data summarized in Fig. 5D , the translocation of PKCε was significantly (P Ͻ 0.05) decreased in TLR2D hearts following the administration of Pam3CSK4.
IRAK1 deficiency does not abolish myocardial ischemic preconditioning. IRAK1 is an important signaling molecule that is downstream of TIRAP-myeloid differentiation factor-88 signaling. IRAK1 has been suggested to play an important role in endotoxin tolerance, which has also been implicated in preconditioning (3) . To determine whether IRAK1 signaling contributed to ischemic preconditioning, we subjected wildtype and IRAK1D mouse hearts to ischemic preconditioning followed by I/R injury. Figure 6 shows that loss of IRAK1 signaling did not abrogate ischemic preconditioning. The recovery of LV function following ischemic preconditioning was not significantly different (P Ͼ 0.05) in wild-type mice (Fig. 6A ) compared with IRAK1D mice (Fig. 6B ; 51.6 Ϯ 2.2% vs. 51 Ϯ 3%, respectively). Moreover, the translocation of PKCε following ischemic preconditioning and I/R injury was similar in wild-type and IRAK1D mice (Fig. 6, C  and D) .
TIRAP-dependent ischemic preconditioning involves phosphorylation of GSK3-␤. Given the central role of Akt and GSK-3␤ in mediating ischemic preconditioning, we examined the phosphorylation of Akt and GSK-3␤ in wild-type and TIRAP-D mice. Figure 7A depicts representative Western blot data for Akt phosphorylation, whereas Fig. 7B summarizes the results of group data. As shown in Fig. 7B , preconditioning followed by I/R injury resulted in a significant (P Ͻ 0.05) increase in Akt phosphorylation in both the wild-type and TIRAP-D mice compared with their respective values at baseline. There was, however, no significant difference (P Ͼ 0.05) in Akt phosphorylation between the wild-type and TIRAP-D mice that underwent ischemic preconditioning followed by I/R injury, suggesting that the lack of TIRAP signaling does not impair Akt phosphorylation. Figure 7C depicts representative Western blot data for GSK-3␤ phosphorylation, whereas Fig.  7D summarizes the results of group data. As shown, there was a significant (P Ͻ 0.05) increase in GSK-3␤ phosphorylation in wild-type mice relative to baseline values following ischemic preconditioning and I/R injury. In contrast, the increase in GSK-3␤ phosphorylation following ischemic preconditioning and I/R injury was not significant (P Ͼ 0.05) statistically in the mice lacking TIRAP signaling, relative to baseline values. Importantly, GSK-3␤ phosphorylation was significantly less (P Ͻ 0.05) in the TIRAP-D mice relative to wild-type mice, following preconditioning and I/R injury.
DISCUSSION
Here we show for the first time that repetitive injury to the heart, in the form of short bouts of ischemia followed by reperfusion (a.k.a., ischemic preconditioning), confers cytoprotection through TLR2-TIRAP dependent signaling pathways. The following lines of evidence support this statement. First, whereas ischemic preconditioning resulted in a significant 2.1-fold recovery in LV function in wild-type mice ( Fig. 2A) , ischemic preconditioning had no significant effect on LV functional recovery following I/R injury in mice in lacking TIRAP signaling (Fig. 2B) . Moreover, preconditioning resulted in a significant (P Ͻ 0.05) 2.0-fold decrease in Evans blue dye uptake and a 1.7-fold decrease in CK release in wild-type mice, whereas preconditioning had no significant (P Ͼ 0.05) effect on Evans blue dye uptake or CK release in TIRAP-D mice (Fig. 2, D and E) . Second, when we examined the receptors that were coupled to TIRAP-dependent signaling, namely, TLR2 and TLR4, we observed that the cardioprotective effect of ischemic preconditioning was abolished in the TLR2D mice (Fig. 3B) , whereas the cardioprotective effect of ischemic preconditioning was intact in the TLR4D mice (Fig. 3D) . Furthermore, the TLR2 agonist, Pam3CSK4, mimicked the effects of ischemic preconditioning in wild-type mice (Fig. 5A) . Interestingly, the degree of LV recovery following ischemic preconditioning was significantly greater (P Ͻ 0.006) than that with Pam3CSK4 (Fig. 5A) , suggesting that preconditioning works through TLR2-independent and TLR2-dependent pathways. Pam3CSK4 had no effect on recovery of contractile performance in the hearts of TLR2D mice following I/R injury (Fig. 5B) . Taken together, these observations suggest that the protective effect of ischemic preconditioning is mediated, at least in part, through a TLR2-TIRAP-dependent pathway.
To delineate the mechanisms that were responsible for the cytoprotective effects of TLR2-TIRAP-dependent signaling, we measured the translocation of PKCε in hearts of wild-type and TIRAP-D mice following ischemic preconditioning. Consistent with the functional recovery data in wild-type ( Fig. 2A) and TIRAP-D mice (Fig. 2B) , PKCε translocation was significantly (P Ͻ 0.05) greater in the wild-type hearts than in the TIRAP-D hearts (Fig. 4B) . Immunoprecipitation studies showed that PKCε was readily detected in the Western blots from protein extracts that were immunoprecipitated with an anti-TLR2 antibody, whereas PKCε was barely detectable in the extracts immunoprecipitated with an anti-TLR4 antibody. To determine whether the activation and subsequent translocation of PKCε occurred proximal or distal to the phosphorylation of IRAK1, we examined ischemic preconditioning in IRAK1-deficient mice. Interestingly, the loss of IRAK1 signaling did not abrogate ischemic preconditioning (Fig. 6B) or attenuate PKCε translocation (Fig. 6D) . Taken together, these observations suggest that the signaling protein complex that is necessary for PKCε activation/translocation is assembled proximal to IRAK-1.
Given that Akt and of GSK-3␤ have been implicated in the ischemic preconditioning signaling cascade (41), we examined Akt and GSK-3␤ phosphorylation in the hearts of wild-type and TIRAP-D mice. Although we observed a significant increase in both Akt and GSK-3␤ phosphorylation in wild-type and TIRAP-D mice following ischemic preconditioning and I/R injury (Fig. 7B) , there was no significant difference in the degree of Akt phosphorylation between wild-type and TIRAP-D mice, suggesting that Akt phosphorylation was not TIRAP dependent. However, the phosphorylation of GSK-3␤ was significantly attenuated in the TIRAP-D mice following ischemic preconditioning and I/R injury (Fig. 7D) , suggesting that the mechanism for TIRAP-mediated cytoprotection may involve, at least in part, an inhibition of the formation of mitochondrial permeability transition pores that develop following reperfusion injury.
Innate immunity in the heart. Since the original description of TLRs in the heart (12), there has been a growing appreciation that these receptors play an important role in modulating tissue injury in the heart (6, 14, 32, 39) . For example, mice with targeted disruption of TLR4 (32), TLR2 (9), or myeloid differentiation factor 88 (10), as well as mice with a missense mutation of TLR4 (6, 24) , have reduced infarct sizes compared with wild-type controls. Similarly, mice pretreated with a TLR4 antagonist (Eritoran) (35) had smaller infarct sizes compared with vehicle-treated animals. Furthermore, mortality and postinfarction LV remodeling was reduced in mice with targeted disruption of TLR4 or TLR2 (33, 36) . Although the mechanism(s) for the deleterious effects of TLR signaling following I/R injury and/or myocardial infarction has not been established, a recent study suggests that TLRs may serve to modulate the recruitment of bone marrow-derived hematopoietic cells to the myocardium, with subsequent tissue damage and worsening cardiac remodeling (38) . Moreover, our data suggest that TLR2-TI- RAP signaling may play a deleterious role in the heart in the absence of preconditioning by amplifying the degree of LV dysfunction (Fig. 3, A and B) when the heart is subjected to the abrupt onset of ischemic injury.
In contrast to the aforementioned studies, which suggest a deleterious role for TLR signaling, there is a large body of literature that suggests that the systemic activation of TLR4 by sublethal injections of lipopolysaccharide (LPS) results in a reduced infarct size and an improved LV function in mice, rats, and rabbits (reviewed in Ref. 5 ). The cytoprotective effect of LPS, which occurs between 12-24 h, was sensitive to the inhibition with cycloheximide (28), suggesting that de novo protein synthesis was required for the "late" LPS-induced preconditioning. Subsequent studies have suggested that the beneficial effects of LPS-TLR4 preconditioning are mediated by inducible nitric oxide synthase (42) and the phosphatidylinositol 3 kinase/Akt pathway (15) .
Viewed within the context of the above discussion, the results of the present study both expand and extend these important prior studies by demonstrating that the activation of TLR2-TIRAP-dependent signaling by repetitive bouts of ischemia and reperfusion confers "early" cytoprotection. The observation that TLR2-TIRAP cytoprotective pathway involves the translocation of PKC is in keeping with the "multiple trigger theory" for preconditioning, which suggests that all triggers converge on a common target: PKC (13). Although we did not identify the mechanism for PKCε activation, it is worth noting that a recent study showed that stimulation TLRs by their cognate ligands result in the recruitment of PKCε to the TLR signaling complex, resulting in an increased phosphorylation of PKCε and an increased binding of 14-3-3␤ (8) .
Although, we did not identify the ligand(s) that was responsible for activating TLR2-TIRAP-dependent preconditioning, it is worth noting that so-called danger-associated molecular patterns that are released by stressed cells (e.g., heat shock protein 60 and 70, HMGB1, S100, adenosine, and ATP) or injured tissue (fibronectin) have been shown to activate TLR2 and TLR4 signaling with a resultant activation of NF-B, which has been implicated in cytoprotective signaling (1, 30) . Recent evidence suggests that reactive oxygen intermediates are sufficient to activate TLRs through an as-yet unknown mechanism. Indeed, oxidative stress has been shown to activate NF-B via TLR2 in neonatal rat cardiac myocytes, suggesting that TLRs may be capable of sensing the reactive oxygen intermediates generated by repetitive bouts of ischemia followed by reperfusion (11) . One potential limitation of the present study is that it was performed ex vivo, which allowed us to uncouple the innate and adaptive components of the immune system following I/R injury. Accordingly, we cannot exclude the formal possibility that the beneficial effects of TLR2-TIRAP-dependent preconditioning might be less evident in vivo, wherein the effects on innate immunity on leukocyte recruitment to the myocardium might result in excessive tissue injury that outweighs the beneficial effects conferred by TLR2-TIRAP cytoprotective signaling.
Conclusion. The results of this study suggest that TLR2-TIRAP-dependent signaling comprises part of an evolutionarily conserved "early warning system" in the heart that is activated in response to tissue injury. When viewed within the broader context of prior studies, the findings presented herein suggest that the innate immune system confers short-term beneficial effects in the heart by activating cytoprotective signaling pathways but also has the capacity to induce longterm detrimental effects if sustained TLR signaling engages the adaptive immune system, with a subsequent recruitment of leukocytes to sites of tissue injury (31) . A second interesting aspect of this study is that the cytoprotective arm of TLR2-TIRAP-dependent signaling was upstream of IRAK1, which is the responsible for NF-B activation and subsequent recruitment of leukocytes to the heart. This observation suggests the interesting possibility that it may be possible to develop therapeutic strategies that activate the proximal "cytoprotective" arm of TLR2-TIRAP-dependent signaling without engaging the distal and potentially maladaptive "inflammatory" arm of this signaling cascade. Future studies will be necessary to address this interesting, if not important, question.
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